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Sustainable, non-halogenated flame retardants are desired for a variety of industry applications. Lignin, an 
industrially processed wood derivative, has been examined as a potential sustainable flame retardant additive to 
polymer systems. Here, the lignin is phosphorylated using a pyridine-catalysed esterification reaction with diphenyl 
phosphoryl chloride to improve its char-forming abilities. The chemical modification of the lignin was characterised 
by nuclear magnetic resonance spectroscopy and showed the formation of phosphorylated structures on the lignin. 
The thermal decomposition profile and char-forming characteristics of the modified lignin and modified 
lignin-epoxy composites were investigated using thermogravimetry. The flammability performance of modified 
lignin-epoxy composites was tested using mass loss calorimetry. With the addition of 10% modified lignin, the peak 
heat release rate decreased by 40% and the total heat of combustion decreased by 20%. Scanning electron 
microscopy was used to investigate the char morphology of the post-flame test samples and showed closed cell 
foam structures. 

1. Introduction 
Halogen-free materials are desirable as functional additives for 
polymers ranging in application from electronic materials to 
furniture and home goods. Currently, halogenated materials are 
commonly found in consumer goods as part of a flame retardant 
package; as such, simply removing the flame retardant 
functionality is not an option.1,2 There are a variety of green 
chemistry and bio-based flame retardant candidates available; 
however, most green options have not been implemented in the 
industry due to issues such as cost or limited flame retardant 
ability. One potentially renewable flame retardant additive is 
lignin.3 Lignin is a complex aromatic biomacromolecule which is 
produced in large quantities from the pulp and paper industry: 
Lignin also has the advantage of being produced in a cheap, well-
controlled manner, which makes it a potentially sustainable 
candidate for industry use. Further, lignin is a natural char 
forme5,6 and has been shown to be an effective flame retardant in 
some polymers such as polypropylene,7 acrylonitrile butadiene 
styrene8 and polyurethane.9 In other systems, chemical 
modification of lignin can enhance its natural char-forming 
characteristics. 

The industry has found that conventional phosphorus-based flame 
retardants are effective alternatives to halogenated flame retardants, 
and may work well with the char-forming mechanisms of lignin. 
Broadly, phosphorus flame retardants suppress fire in a polymer in 
two ways. The first mechanism is through the thermal degradation 
of phosphorus flame retardants into phosphoric acid, which converts 
the polymer into carbon-rich char, while the second is by migration 
into the vapour phase and quenching of radicals.10 Phosphorus 
based flame retardants combust more completely, in particular when 
acting in a char-forming mode. The transformation of both the 
polymer and flame retardant into char decreases the formation of gas 
phase degradation products. These gas products can be hazardous to 
human health, and so the conversion to carbonaceous char is 
desired. Depending on the molecular structure of the phosphorus 
moiety, different modes of flame retardancy and different parent 
polymers can be targeted.11,12 There are five main types of 
phosphorus flame retardants: elemental phosphorus, phosphinates, 
phosphonates, phosphate salts and aromatic phosphates. Previous 
work has examined the phosphorylation of lignin by using diethyl 
phosphite,13,14 orthophosphoric acid,15 polyphosphoric acid,16 cyclic 
phosphonate ester,17 dihydrogen ammonium phosphate18 and 
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phosphorus pentoxide.19 These phosphorylated lignins have been 
used as flame retardant additives in polypropylene,14 polybutylene 
succinate,13,18 polylactic acid,17 polyurethane9 and epoxy.15 

While lignin has the potential to be an effective flame retardant, its 
chemical heterogeneity and limited miscibility in polymers have 
proven challenging to overcome. Lignin can be dispersed in 
polymers through processing routes such as injection moulding,20 

extruding,21 milling,6 compression moulding22 and solution 
casting.23 Chemicalfunctionalisationoftheligninwithpolymer-like 
chains can enhance solubility and reduce agglomeration. Most of 
these mutes utilise the hydroxyl functionality of the lignin as a 
reaction site for chemistry. Through a variety of methods: lignin 
can be chemically modified to increase compatibility, using methods 
such as polymerisation with poly(methyl methacrylate),24 acetylation 
to incorporate it into polypropylene21,25,26 or functionalisation for 
dispersion in epoxy27-30 or phenol-formaldehyde3 resins. Several of 
the previously mentioned phosphorylation methods modify the 
surface chemistry of the lignin and increase its dispersion in polymer 
systems. 

In this work, a different phosphorylation route is used to modify 
the lignin. Here, triphenyl phosphate (TPP), an aromatic 
phosphate flame retardant, is of interest because of its use in a 
wide variety ofpolymer systems,31 such as rubber, polycarbonate, 
acrylonitrile butadiene styrene and epoxy. One persistent issue 
with TPP concerns its ability to migrate out of the polymer32 and 
cause potentially deleterious health effects in different 
organisms.33 Kraft lignin is modified using diphenyl phosphoryl 
chloride (DPC) to create TPP-like structures for use as 
intumescent and char-forming flame retardants. The resulting 
structure is expected to prevent migration of TPP-like structures 
from the epoxy and enhance the solubility of the modified lignin 
in the epoxy by creating a more favourable surface chemistry on 
the lignin. An ideal system will result in a highly phosphorylated 
lignin which blends well with epoxy and forms a dense char or 
intumescent structure when exposed to heat and gases from 
combustion zones. This ideal modified composite system will 
have later time to ignition (TIG), lower peak heat release rate and 
lower total heat of combustion than the unmodified epoxy. 
Chemical and thermal characterisation will be performed to 
examine the structure-properties relationships of the modified 
lignin and determine their flame retardant performance. The goal 
of this work is to create a bio-based TPP alternative through the 
synthesis of a modified lignin system which increases the 
miscibility of lignin in epoxy while simultaneously enhancing the 
innate flame retardancy and char-forming ability ofthe system. 

2. Experimental methods 

Alkali lignin, DPC (99%), TPP, anhydrous pyridine (99.5%), 
dimethyl sulfoxide (DMSO) (99%) and triethylene tetramine (Teta) 
(60%) were purchased from Sigma-Aldrich (St. Louis, MO, USA). 
Epon 825 epoxy resin was purchased from Hexion (Louisville, 

KY, USA). Deuterated DMSO was acquired from Cambridge 
Isotope Laboratories (Tewksbury, MA, USA). Mold Max 60 
silicone was acquired from Smooth-On (Easton, PA). Ethylene 
glycol was purchased from Alfa Aesar (Ward Hill, MA), and 
polystyrene was acquired from Aetna Plastics (Valley View, OH). 

Two functionalisation processes were performed on lignin with 
the goal of introducing phosphorus-based radical traps to the 
material. The simplest scheme (direct phosphorylation of lignin 
(DPL)) was a direct reaction between dried lignin and DPC with 
no additional solvent at room temperature (RT). Lignin (50 g) was 
incrementally added to 200 ml of DPC. The second process, 
pyridine-catalysed phosphorylation of lignin (PPL), incrementally 
introduced 50 g of lignin to 100 ml of pyridine, followed by 
100 ml of DPC. The DPL and PPL solutions were each left to 
react for 12h. The reaction process is shown in Scheme 1. For all 
synthesis reactions, unmodified lignin and the reaction vessels 
were dried at 100°C for 4 h prior to reaction. 

The reactions were stopped by the addition of 500 ml of deionised 
water (18·2M Barnstead Nanopure, Thermo Scientific, 
Waltham, MA, USA), and the resulting suspensions were 
centrifuged (Sorvall RC 30, Thermo Scientific, Waltham, MA, 
USA) at 5000 revolutions/min for 1 h .  The supernatant was 
disposed, and the precipitate was then redissolved in 100 ml 
DMSO and mechanically mixed to remove any excess trapped 
DPC. The water/centrifuge/DMSO washing process was 
performed three times, and the resulting precipitate was collected 
and dried at 100°C to evaporate the remaining water and allow 
the breakup of large agglomerates in a dry state. The resulting 
particles were then dissolved in 100 ml DMSO and washed 
with distilled water three times to remove any remaining DPC and 
DMSO. 

The dried powdered lignin specimens were mechanically sieved 
to select particle sizes below 106 µm. Epoxy specimens were 
fabricated by adding 10 wt% additive to a Teta-Epon825 epoxy 
system. The additives used were TPP, DPL, PPL and unmodified 
lignin to fabricate TPP, DPL, PPL and unmodified lignin epoxy 
specimens, respectively. The additives were mechanically mixed 
into the Epon 825 resin. Then, Teta was added at a ratio of 14 
parts per 100 parts Epon 825. The additive-epoxy mixture was 
mechanically mixed using a Flacktek mixer (SpeedMixer, 
Landrum, SC, USA) until it was homogeneous, and the solution 
was massed into silicone moulds. The mass loss calorimetry 
(MLC) epoxy specimen dimensions were 100 mm × 100 mm × 
2 mm, and each specimen weighed 22 ± 1 g, due to differences in 
the density of the additive. The UL-9434 specimen dimensions 
were 130 mm × 13 mm × 10 mm. The epoxy specimens were 
cured at RT for 24 h, then held at 100°C and 125°C and held for 
2 h each after a 5°C/min heating rate. The bottom and sides of the 
epoxy specimens were wrapped in heavy-duty aluminium foil for 
the MLC tests. 
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Scheme 1. The phosphorylation of lignin, shown as a lignin model 
compound, is proposed to proceed through a pyridine-catalysed 
esterification reaction 

2.4 Characterisation 
Scanning electron microscopy (SEM) and energy-dispersive 
spectroscopy (EDS) were performed on the surfaces of crushed 
modified lignin powders and additive-containing epoxy chars. To 
prevent charging, the powder specimens were sputtered with a 
gold-palladium coating. Images were taken using an FEI XL-40 
microscope (FEI, Hillsboro, Oregon, USA) at a 5 kV accelerating 
voltage and 20 mm working distance. EDS was performed on the 
same instrument at 25 kV with a 10mm working distance. 

Nuclear magnetic resonance spectroscopy (NMR) was performed 
in solution by using a 500 MHz Bruker spectrometer (Bruker 
BioSpin, Fremont, CA, USA) with Topspin software to capture 
protium (1H) and phosphorus-31 (31P) NMR. The modified 
lignins (0·001 g) were mixed with 1 ml deuterated DMSO, and 
the solutions were transferred to NMR tubes. Protium NMR was 
captured using 64 scans, while phosphorus-3 1 NMR was captured 
using 128 scans. Solid-state carbon-13 (13C) cross-polarisation 
magic angle spinning (MAS) NMR was performed on the 
modified lignins by using 512 scans on a CMX400 spectrometer 
(Chemagnetics/Varian, Palo Alto, CA, USA) with a 5 mm triple-
resonance MAS probe and a wide bore magnet. 

Thermogravimetric analysis (TGA) of the modified lignins, DPC, 
and TPP, and epoxy samples containing no additive, TPP and 
modified and unmodified lignins was performed to examine the 
char formation using a Q50 thermogravimetric analyser (TA 
Instruments, Newcastle, DE, USA). Thermograms were 
performed in air and nitrogen environments with a 50 ml/min flow 
rate by using a 20°C/min ramp rate from 30 to 1000°C. The 
specimens were tested in alumina pans, and the thermograms 
were analysed using TA Universal Analysis software. Platinum 

pans were avoided to prevent instrument damage from the 
formation of a platinum-phosphorus eutectic. 

Preliminary flammability tests were conducted on epoxy bars of 
unmodified epoxy, TPP and PPL samples according to the UL-94 
standard34 to determine self-extinguishing properties. An epoxy 
bar was mounted vertically, and a methane-based flame is applied 
to the bottom of the sample. By measuring the afterflame 
and afterglow times, a measure of self-extinguishing properties 
can be determined. To understand further the dynamics of the 
combustion process, MLC was performed using an MLC 2004 
mass loss calorimeter (Fire Testing Technologies, East Grinstead, 
UK) modified with a chimney and additional thermopiles. This 
apparatus was customised to take data analogous to cone 
calorimetry data,35 and validation of this method is described in a 
previous report.36 MLC was used to examine the material 
performance under conditions that simulated the developing fire 
stage where flaming combustion occurs, and fire growth is defined 
by a heat flux between 20 and 60 kW/m2.35 For this study, the 
heat source was set at 35 kW/m2 and remained constant for the 
duration of the test. A spark igniter was used to ignite the volatile 
gases above the surface of the epoxy Use of a 
spark igniter has been shown to improve the reproducibility of the 
test. The temperatures of the chimney wall at midway height and 
of the gas at the chimney top were measured using thermopiles 
and these results are used to calculate the heat release rate, as 
described previously.36,37 

The MLC tests were terminated when the mass loss rate was less 
than 2·5g/min. The specimen holders were then removed from 
the heat source and allowed to cool under RT conditions. Three 
specimens were tested for each composition. Specimens were 
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prepared according to ASTM E 2102-15,38 and, in addition to the 
epoxy-based controls, the instrument was calibrated using poly 
(methyl methacrylate), polystyrene and ethylene glycol standards 
that have the well-known chemical heat of combustion values. 
This calibration deviated from ASTM E 2012-15 in that the 
methane standard was inappropriate with ‘dirty’ thermopiles 
associated with burning plastics and epoxies. 

3. Results and discussion 

3.1 Reaction mechanism and verification 
Lignin was suspended in pure DPC (DPL specimen) and was 
dissolved in a pyridine-DPC mixture (PPL specimen) to determine 
the necessary conditions for the reaction to occur. The DPL solution 
exhibited no change in viscosity over the reaction duration. When 
reacting the PPL specimen, the solution quickly gelled upon 
addition ofthe DPC to the solvated lignin-pyridine solution. 

The reaction is likely to have proceeded through a pyridine­
catalysed esterification, as shown in Scheme 1, where the pyridine 
replaces the chloride, forming an adduct with the diphenyl 
phosphate molecule. The phosphate ester is then attacked by the 
phenols and alcohols on the lignin molecule, and the pyridine and 
chlorine form a pyridinium hydrochloride salt. The resulting 
phosphorylated lignin molecule exhibits less polar behaviour than 
that of the unmodified lignin, which may enhance dispersion in 
non-polar polymers. 

After the washing and drying steps, powdered lignin was 
examined using EDS, protium, carbon-13 and phosphorus-31 
NMR. An invariant sulfur peak was used to normalise the relative 

concentrations ofphosphorus and chlorine in the EDS specimens. 
Table 1 shows that the phosphorus-to-sulfur ratio in the lignin 
increased from a normalised 0.5 to 2.2 upon phosphorylation in 
pyridine. Unreacted DPC is thought to remain in the DPL 
specimen due to the presence ofa large chlorine signal. This DPC 
is removed through washing in the PPL specimen. The peak at 40 
parts per million (ppm) in the carbon-13 NMR (shown in Figure 
S1 in the online supplementary material) indicates the presence of 
chlorine in the DPL sample and the significantly reduced presence 
in the PPL sample. 

Because lignin is inherently heterogeneous, it is challenging to 
prove the exact nature of the modification. To these ends, solid-
state phosphorus-31 NMR has been used to characterise the 
chemical shiftindicative ofthe modification. 

As shown in Figure 1, TPP has a peak at -16ppm and DPC has a 
shift at -11ppm. In the PPL specimen, the decrease in the intensity 
of the DPC peak and the increase in the intensity ofthe TPP peak 
is indicative ofsuccessful phosphorylation. Conversely, the DPL 
sample does notcontain chemically attachedphosphorus due to the 
absence of the TPP peak and instead has a peak associated with 

Table 1. Chemical compositionsoflignin powders measured by EDS 

Figure 1. (a) Full spectrum and expanded regions (b) from -10.5 to 
-11.5 ppm and (c) from -15.5to -16.5 ppm of the phosphorus-31 
NMR of TPP, PPL, DPL, DPC and unmodified lignin. The signal at 

-16 ppm is associated with the formation of TPP structures on the 
lignin in the PPL sample 
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DPC. It is important to note that not all of the PPL and DPL 
specimens are completely miscible in DMSO. Fractions ofPPL and 
DPL swell, but do not completely dissolve in DMSO. It is likely 
that the insoluble fractions of lignin contain higher concentrations 
of phosphorylated lignin and that the DPC signal is due to some 
residual DPC which was entrapped in the PPL and has dissolved 
and has been concentrated in the DMSO solution. However, 
1H-NMR (shown in Figure S2 in the online supplementary 
material) confirms that the PPL contains TPP structures and does 
not have DPC structures, while the DPL contains only DPC 
structures. This assertion is confirmed by the absence of detectable 
chlorine in the EDS of the PPL specimen and the presence of 
significant chlorine in the DPL specimen. The phosphorylation of 
the PPL specimen is due to two effects. Pyridine acts as a good 
solvent for the lignin, which causes it to swell and makes more 

bonding sites accessible to the DPC molecules. Pyridine also acts 
as a nucleophilic catalyst and enables an esterification reaction 

The degradation behaviour of the lignin specimens was examined 
in nitrogen and air and exhibited markedly different degradation 
behaviors, as shown in Figure 2. In a nitrogen atmosphere, the 
lignin specimens degraded until 600°C, at which point the char 
remained thermally stable. The DPL specimen exhibited a multistep 
mass loss, where unbonded DPC volatilised over a 100°C 
temperature range beginning at 125°C, similarly to TPP specimen, 
after which lignin began to degrade. The volatilisation of the 
unbonded DPC was not seen in the PPL specimen. Regardless, 
both DPL and PPL decomposed similarly to the unmodified lignin. 

Figure 2. The thermal degradation of modified lignin specimens and at a heating rate of 20°C /min. Phosphorylation enhances the 
model compounds in (a) nitrogen and (b) air atmospheres and oxidative thermal stability of the resulting lignin char 
degradation of epoxy samples in (c) nitrogen and (d) air atmospheres 
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When the specimens were analysed in air, the degradation profiles 
exhibited large differences inthe degradationrate. Theunmodified 
lignin began degradation around 250°C and formed 2wt% ofa very 
porous, light charby 600°C, which remained stable at 1000°C. The 
PPL specimen began degradation at a similar temperature to that for 
lignin, around 250°C, and degraded more quickly than the 
unmodified lignin until 350°C, when the degradation slowed, and 
high amounts of material remained until 850°C, when rapid 
degradation resumed, leaving behind a thicker, heavier foam. The 
DPL specimen exhibits an earlier onset of degradation, consistent 
with the degradation of TPP structures. The DPL continues to 
degrade in a manner similar to that ofthe PPL. It is thought that the 
phenols of the DPC/TPP structures volatilise from the specimen 
between 250 and 350°C, butthephosphorus remains as phosphoric 
acid and is available to form char structures with more thermally 
stableligninfractions,whilethelignindegrades. 

The thermograms of the epoxy samples in nitrogen showed a 
decrease in the unmodified lignin and TPP degradation 
temperatures. The unmodified lignin started to degrade at 250°C, 
and the TPP samples started to degrade at 300°C. The PPL 
specimen and unmodified epoxy began to degrade at 375°C. The 
unmodified epoxy and unmodified lignin samples showed 20wt% 
char formation between 400 and 600°C and further degraded until 
no mass remained, near 800°C. The phosphorylated lignin and 
TPP samples showed a similar mass of 20 wt% char at 400°C, 
which gradually decreased to 10wt% char at 1000°C. This 
increase in char thermal stability is associated with the residual 
phosphorus fromthe phosphorylated lignin and TPP. 

The epoxy samples degraded in air exhibited more similar char­
formingbehaviour. The unmodified lignin, unmodified epoxy and 
PPL samples began to degrade around 375°C, and the TPP sample 
began to degrade at 360°C. The samples formed similar amounts of 

char between 400 and 550°C, when the unmodified lignin, 
unmodified epoxy and PPL samples rapidly degraded. The TPP 
char slowly decomposed until 800°C. Both the TPP and PPL 
samplesshowed slightlyhighercharformation thanthe unmodified 
samples, although the oxidative stability of the TPP samples was 
greater, duetothe higherphosphorus content (see Table2). 

Self-extinguishing properties were examined through UL-94 
testing (Table 3). The test uses two metrics, afterflame, or a 
sustained flame without an ignition source, and afterglow, or 
glowing ofthe sample without an ignition source. The epoxy bars 
exhibited markedly different afterflame behaviours. The 
unmodified epoxy and PPL samples exhibited high variability in 
their extinguishment, characterised by a bimodal distribution of 
first afterglow times around 15 and around 80s and two 
distributions of second afterglow times around 40s and greater 
than 120s. The PPL samples exhibited a lower set of afterflame 
durations than the unmodified epoxy. The TPP samples showed 
consistent self-extinguishing behaviour, with minor char 
formation. None of the epoxy samples exhibited afterglow. The 
variability in the unmodified epoxy samples and the PPL samples 
is thought to be due to the mechanism of char formation. If a 
cohesive barrier of char is not formed between the flame and the 
burning polymer, then combustion can continue. In contrast, the 
earlier decomposition temperature (Figures 2(c) and 2(d)) and 
vapour phase mechanism of the TPP is seen to be more effective 
in this test. 

The ignition and burning behaviour of the modified lignin-epoxy 
composites were further characterised through MLC, as shown in 
Figure 3. The specimens were exposed to a 35 kW/m2 heat flux, 
which is associated with a temperature ofroughly 600°C and can 
be compared with the TGA plots in Figure 3. The noise in the 

PHR, peak heat released; THR, total heat released 

Table 2. Quantification of flammability and char behaviour 

Table 3. Afterflame times and UL-94 performance of epoxy bars 
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Figure 3. The degradation behaviour of epoxy composites is shown loss calorimeter. Addition of phosphorus-basedcompounds to the 
through representative(a) heat release rate and (b) mass loss profiles epoxy decreases the peak heat release rate and creates larger masses 
of the specimens when exposed to a 35 kW/m2 heat flux in the mass of thermally stable char 

data before ignition is an artefact from instrument operation, such 
as the opening and closing of the shutter and spark igniter motion. 

The epoxy specimens exhibit several different stages of thermal 
degradation when burned. First, the specimens' internal 
temperatures rise past the glass transition of the epoxy, which 
allows the specimens to warp. At temperatures above 200°C, 
gases are emitted from the specimens as the propanoid side chains 
and aryl-ether linkages are broken and rearrange.4 Once the 
concentration of the gases achieves a critical point, the spark from 
the igniter is able to start the combustion of the specimens. The 
specimens begins to liquefy and boil as the thermoset network is 
broken into volatile oligomers through thermal and radical 
degradation routes. At this point, the flame retardant additives 
become active. The phosphate can interact with degrading 
oligomers and form more thermally stable char structures.39 The 
lignin naturally forms these char structures over a range of 
temperatures: As more of the epoxy is burned (i.e. the fuel is 
expended), the flame is less able to sustain itself, and smouldering 
combustion occurs. The heat release rate and mass loss rate 
decrease, and the residue of the specimens consists of carbon- and/ 
or phosphorus-rich structures. At this point, the test is stopped. 

There are several metrics commonly used to quantify the 
flammability of a specimen. The metrics used here are TIG, peak 
heat released (PHR) and total heat released (THR) (Table 2). 

The TIG of the specimens decreased in the composite specimen 
compared to that in the epoxy control. This result is attributed to 
the lower thermal stability of the additives. TPP evaporates/ 
degrades in air at a temperature lower than the ignition temperature 
of conventional epoxy. The lignin begins to degrade by releasing 
volatile gases formed from the least thermally stable moieties, such 
as aryl-etherbonds and methoxy groups.4 By forming combustible 

compounds at an earlier temperature than the matrix does, the 
flame retardant mechanisms of the additives are not acting on the 
polymer matrix to the fullest extent. Alternative polymer matrices 
with these same flame retardant additives may exhibit more 
favourable TIG characteristics if the degradation temperatures of 
the matrices match that of the additives. Further enhancement of 
the flame retarding properties is likely in nitrogen-containing 
systems due to the char-forming synergism between phosphorus 
and nitrogen.9 It is expected that these alternative matrices would 
result in better flame retardant properties than those of the epoxy 
composites tested here.39,40 

Another metric of flammability is the heat release rate, which 
measures the amount of energy released in the combustion of the 
specimen. The most important parameters are the peak heat 
release rate and the THR. The peak heat release rate indicates the 
severity of the fire caused by the specimen. The composite 
specimens all exhibit peak heat release rates lower than that of the 
unmodified epoxy (Figure 3(a)). The DPL, PPL and TPP 
specimens show further improvement over the unmodified lignin 
specimen and show about a 40% decrease in the peak heat release 
rate over the unmodified epoxy (p < 0.01). 

The shape of the heat release rate curves indicates that the 
specimens tested were char-forming, thermally thin materials.35,41 

In thermally thin materials, the thermal wave propagates through 
the specimen rapidly such that the entire specimen experiences 
effectively the same temperature relative to the pyrolysis residence 
reaction time. The heat release rate spiked when the entire 
specimen began to pyrolyse. As the tests progressed, more portions 
of the polymer converted to char, reducing the heat release rate, the 
volatised material production rate and the heat of combustion. 
When a char layer fully forms on the exposed specimen surface, it 
creates a heat and mass barrier to protect any remaining material, 
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perhaps uncharred, for a further reduction in the heat release rate. 
More effective and better-timed char formation explains the 
reduction in the peak heat release rate that resulted from improved 
material composition. Once the volatile production ends, the air 
enters the char and sustains glowing combustion under a continued 
heat load from the conical heater. When the mass loss rate dropped 
below 2.5g/min, the tests were terminated and the specimens were 
removed from the heat source. Upon removal, the specimens were 
not extinguished and, instead, were allowed to continue 
smouldering, causing the mass to decrease further, in particular in 
the unmodified epoxy specimen. 

The THR can be taken as a metric ofthe amount ofmaterial which 
has burned. As can be seen in Table 2, the incorporation of any of 
the additives decreases the THR by 20% (p < 0.005). This shows 
that lignin and phosphorus compounds act as effective char 
formers and help to decrease the amount of material undergoing 
combustion despite the continuingheating loadby the coneheater. 

The char from these specimens was collected and analysed, but 
some structural changes may have occurred due to ongoing 
smouldering combustion after the specimen was removed from 
theinstrument. 

The specimens formed different char morphologies depending on 
the phosphorus content of the composite. The unmodified epoxy 
specimen did not have enough char residue to characterise 
due to smouldering combustion that continued after the test was 
terminated. All of the charred surfaces were black and had a 

series of delicate, open, 1 µm sized pores (Figure 4(a)) on top 
of the specimen. The unmodified lignin and DPL specimens 
exhibited regions of planar diaphanous membrane structure 
(Figure 4(b)), where melted polymer that cooled was likely 
expanded by evolved gas. The membrane structure of these 
specimens transitioned to regions of a silvery, brittle char, which 
had a plate-like morphology (Figure 4(d)) and large internal 
bubble structures formed. These chars were delicate and difficult 
to handle without breaking. The PPL and TPP chars exhibited 
foamed, closed pore microstructure (Figure 4(c)) near the top 
surface of the char with pore sizes on the order of 100 µm. The 
PPL foam formed a rigid, mildly intumescent foam, while the 
TPP formed a soft, intumescent foam. These foams were much 
less brittle and could be handled easily. The concentration of 
phosphorus in the char (Table 2) was higher than that in the 
unburned material (Table 1). The phosphorus segregated into 
the liquid phase of the burning polymer and formed more 
mechanically robust and thermally stable chars. The formation of 
highly foamed, or intumescent, char by the PPL and TPP 
specimens may be useful in particular applications, such as 
thermalbarrier coating forsteel. 

4. Conclusion 

Lignin was phosphorylated with DPC by using a pyridine­

catalysed esterification reaction. The success and extent of 

phosphorylation was verified by phosphorus-31 NMR and EDS. 

The phosphorylated lignin and a mixture of lignin and DPC 

exhibited similar thermal stability in nitrogen gas and better 

oxidative stability in oxygen gas than an unmodified lignin. 


Figure 4. SEM images captured at 5-kV accelerating voltage of of the bottom of all the specimens. High addition of phosphorus 
(a) representativemicrostructure of the top char surface, (b) internal transitions from a planar membrane structure to a three-dimensional, 
structure of unmodified lignin and DPL specimens, (c) internal highly foamed structure. Surface morphology was similar among all 
structure of TPP and PPL specimens and (d) planar graphitic structures specimens 
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Epoxy-lignin composites were fabricated using the modified 
and unmodified lignin chemistries. The flammability of these 
specimens was measured using UL94 testing and MLC. The UL 
94 tests showed that phosphorylation of the lignin decreased the 
duration of flaming, but did not increase the UL94 classification. 
The use ofphosphorus-containing structures (PPL, DPL and TPP) 
exhibited a 40% decrease in the peak heat release rate and a 20% 
decrease in the THR under an imposed heat flux of 35 kW/m2. 
The bonding of the TPP-like structure to the lignin prevents 
the blooming and migration of the flame retardant. Thus, 
phosphorylated natural products are shown to be a potential 
avenue for more sustainable flame retardants. 
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